Downloaded viaBUTLER UNIV on May 15, 2021 at 06:29:44 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

CRYSTAL
GROWTH
SDESIGN

pubs.acs.org/crystal

Three New Polyoxoniobates Functioning as Different Oxidation
Catalysts

Ting-Ting Zhang, Guanghua Li, and Xiao-Bing Cui*

Cite This: https://dx.doi.org/10.1021/acs.cgd.0c01193 I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Three new multifunctional isopolyniobates based on {Nb,,0,,}, namely,
[Cu(en),]o75[Culen),(H,0)]4[KNb,,07,H,55],°36.5H,0 (1), [Cu(en),]
[Cu(en),(H,0)]1,[Cu(en),(H,0),]5[KNb,,0,,H,(H,0),],99H,0 (2), and
[K(H,0),][Cu(en),(H,0),]s[Cu(en),(H,0)]5,5[Culen),],[Ko sNby,O7,H; 75150
115.31H,0 (3) (en = ethylenediamine), were obtained and characterized by IR, powder
X-ray diffraction, single-crystal diffraction analysis, etc. Single-crystal analyses of the three
compounds shows that all their clusters exhibit the same bowl-shaped structure, while the
different transition metal complexes (TMCs) make compounds 1—3 show three entirely
different packing structures. The catalytic properties of the three compounds as catalysts
for Rhodamine B (RhB) photocatalytic degradation, styrene oxidation, and oxygen
evolution reaction (OER) have been assessed, and all the compounds have good catalytic
effects on the three different catalytic processes.

B INTRODUCTION

Polyoxometalates (POMs), as a series of unique inorganic
compounds with diverse structures and fascinating applica-
tions, have been attracting more and more scientists’
attention."”” Even though the chemistry of POMs has been
known for more than two hundred years,1 the evolution of the
complex structures and multiple functions of POMs has been
through a flourishing stage which is closely involved with many
application fields such as cataly51s, material science, bio-
chemistry, analysis, and medicine.””” However, by now, POMs
that were synthesized and studied have still been dominated by
polyoxotungstates (POWs), polyoxomolybdates (POMos),
and polyoxovanadates (POVs), no matter for isopolyoxome-
talates or heteropolyoxometalates. The main reason is that for
POWSs, POMos, or POV, their cluster elements can aggregate
readily in a wide pH range.'”"" In contrast, due to harsh
synthesis conditions (the main precursor {NbsO;,} is only
stabilized in a highly alkaline solution), the study for
polyoxoniobates (PONbs) is more slowly compared with
other POMs.'> However, in recent years, their unique
structures and potential properties have made PONbs
gradually become a hot topic in the inorganic chemistry
field."> Hence there are a growing number of scientists who
devote to the study of PONDbs, which can be applied especially
in the fields of base catalysis,M’15 nuclear waste treatment,16
proton conduction,'” photolysis,'® magnetism,'” and anti-
cancer.”’

Up to now, Keggin type PONbs are the most well-studied
ones. One interesting feature on the reported Keggin type
PONDs is that almost all of them have capped atoms, such as
{[T1,0,][XNb;,0,0]}*7 (X = Si, Ge),'*" {[Nb,0,]-

[XNb;,040]}"" (X = Si, Ge, V, P),'"**'™*" {[Sb,0,]-
[XNb,04]}"" (X = Si, Ge, V, P, As),”> {[V,0,]-
[XNb;,04]}"" (X = Si, Ge, V, P)*7 {[V,0,]-
[ASNb12040]}7 0 {[Vsoe][PNb1204o]}3_;3l and {Cu(2,2/-
bipy)}é(PNb12040)}3_.32 The differences between these
Keggin clusters are the type and/or the number of the central
and/or capped atoms. In addition, there also are a large
number of studies focusing on the other types of PONbs, such
as {[Hg(CYCIam)]6Nb6019}(N03)4'14H20:33 {[Cu(-
phen)]z[Cu(phen)z]ZNbéolg}-24HzO,34 {NbsO,4[Cu(2,2'-bi-
py)]2[Cu(2,2'-bipy),1,}-19H,0,>° {[Cu(1,10-phen)]
[Cu(1 10-phen)(H,0)]Nbg 019} 10.5H,0, 2 {[Cu(cy-
clam)],[HTiNbyO,¢]1}27,°
o Ca(HL0) eyclam) s [Enlopelam) [Ca(H0) (-
clam)],HSiNb, 3O, }(NO;)-30H,0,® {[Cu(cyclam)-
(HZO)]z[Cu(cyclam)][Nbloozg]}n-9nH20,38 {[Ni(cy-
clam)],[Ti,NbgO,5]},-~28nH,0,°’ {[Ni(cy-
clam)],[Ti,NbgO,4]},-~28nH,0,?? K[Ni(cy-
clam)];[TiNbyO,4]-14H,0,?” [Nb,,0,]1%,*°
[Nb,(V,0,,(0H),]"*",*" [Nb,,0,,H,,]°",**
[I\Tbazo%l'lzs]4 ,"* and K4@{[Cu29(OH) (H,0),(en)s-
(trz),1] [HyNb,,O9(H,0)5] }30_

The first {Nb,,} compound was reported in 2006. It was the
first larger polyoxoniobate cluster with [Cu(en),]*" as a
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Table 1. Crystal Data of Compounds 1-3

compound 1

empirical formula CssH3105Cu1375KoNgsNbygO g4

formula weight 10116.69
crystal system triclinic
space group Pl

a/A 18.0474(17)
b/A 20.4106(19)
/A 20.454(2)
a/deg 93.669(3)
B/ deg 102.211(3)
y/deg 95.773(3)
V/A3 7298.4(12)
z 1

D¢/mg m™? 2.302
u/mm™! 2.908
F(000) 4915.0

0 for data collection 2.33-25.16
no. of reflns collected 53694

no. of unique reflns 24717
R(int) 0.0400
completeness to 6 96.1
parameters 1904

GOF on F* 1.095

R [I > 26(D)] R, = 0.0941
R” (all data) wR, = 0.2636

compound 2
CeaHs1,Cu16KoNggNb 50165
11975.87

compound 3

Co1Hs34.62C11525KoN61 Nbyg 0551 56
12137.94

triclinic triclinic

P1 Pl
19.760(3) 24.1930(14)
21.980(3) 25.4019(15)
22.140(3) 33.981(2)
85.734(4) 109.940(2)
74.488(4) 95.720(2)
81.434(4) 97.119(2)
9156.3(19) 19253(2)

1 2

2.172 2.094

2.479 2.322

5934 12057
2.426—25.198 2.299-25.027
76262 184 345
32206 67737
0.0659 0.0459

96.8 99.3

2486 3922

1.023 1.026

R, = 0.0827 R, = 0.0564
wR, = 0.2465 wR, = 0.1612

“R, = YNE| — IEI/YIF,. "wR, = {X[w(F,2 — F2)?/ X [w(F2) Y}

transition metal complex (TMCs) to coordinate with the
cluster at that time.”* Niu’s group then reported two {Nb,,}
PONbs [Cu(en),];[Cu(en),(H,0)]s[{H,NbsO,4}C-
{[({KNb,,0,,H;0,5}{Cu(en),}),{Cus(en);(H,0);}-
{Na; sCu; s(H,0)s}{Cu(en),},]6}]-144H,0 and
[Cu(en),]3[Cu(en),(H,0)], 5[KosNbyO7,Hy 4 51,:25H,0, of
which the K atom is located at the center of the clusters.”>*°
In 2012, another two {Nb,,} compounds were reported by
Wang’s group, and they not only detailed the structures but
also tested the photocatalytic H, evolution activities of their
compounds.”*” In 2019, Zheng et al. reported the first three
representatives of a brand-new class of inorganic—organic
hybrid PONbs: PONb—metal—complex cage materials, one of
which is based on the {Nb,,} cluster.”” All the PONbs
mentioned above have the identical {Nb,,} cluster model.
However, there is an exception: [H,Te,Nb,,0,,]'*" was
reported by Niu’s group in 2017, and its performance for
decolorization of basic fuchsin has been studied.”®

In this work, we synthesized three new PONbs based on
{Nb,,} clusters and [Cu(en),]** complexes: namely,
[Cu(en),]s7s[Cu(en),(H,0)],[KNb,,07,Hy 5],-36.5H,0
(1), [Cu(en),][Cu(en),(H,0)];;[Cu(en),(H,0),];-
[KNb,,0,,H;(H,0),],-99H,0 (2), and [K(H,0),][Cu(en),-
(H,0),]5[Cu(en),(H,0)]s,5[Cu(en),],[ Ko sNbyO7,H; 755
115.31H,0 (3). These compounds are not only characterized
by FT-IR, PXRD, and single-crystal X-ray diffraction analysis
but also studied as catalysts in three different catalytic systems.
The results show that all three new compounds have
remarkable performances for the different catalytic experi-
ments.

B EXPERIMENTAL SECTION

Materials and Methods. All the chemicals were of analytical
reagent grade quality, purchased commercially, and used without
further purification. K;HNbgO4-13H,0 was synthesized according to
the literature™ and characterized by an IR spectrum. Fourier
transform infrared spectra were recorded using a PerkinElmer
Spectrum One FT-IR spectrophotometer and the samples were
prepared as KBr pellets. UV—vis spectra were obtained using a
Shimadzu UV-3100 spectrophotometer. X-ray diffraction (XRD)
measurements were performed by using a Cu Ka source on a powder
diffractometer (Scintag X1). Elemental analyses for C, H, and N were
performed on a PerkinElmer 2400 CHN elemental analyzer. The
chemical compositions of the samples were determined by inductively
coupled plasma-optical emission spectroscopy (PerkinElmer Optima
3300DV). The electrochemical measurements were conducted on a
CHI 760e electrochemical workstation.

Synthetic Procedures. [Cu(en),]s ,5[Cu(en),(H,0)],-
[KNb,,07,Ho 551,-36.5H,0 (1). Compound 1 was synthesized by the
evaporation method. The mixture of 8 mL of Na,CO;/NaHCO,
(0.5M, pH = 10) buffer solution, K,HNbO,,-13H,0 (0.35g, 0.26
mmol), CuCl,-2H,0 (0.20g, 0.12 mmol), Na,Si0;-9H,0 (0.02¢, 0.06
mmol), Sb,05(0.03¢g, 0.10 mmol), and en (0.15 mL) was stirred for 3
h. Then the resulting solution was filtered, and the filtrate was slowly
evaporated at room temperature. Deep purple single crystals were
obtained after 7 days. Yield: 42% based on Nb. Anal. Calcd for
CssHj105Cuy375K,NgsNbgO 5450 Nb, 44.08; Cu, 8.64; K, 0.77; C,
6.53; N, 7.62; H, 3.18. Found: Nb, 44.02; Cu, 8.53; K, 0.81; C, 6.46;
N, 7.69; H, 3.02.

[Cu(en),][Cu(en),(H,0)];,[Culen),(H,0),]5[KNb,,0,,H,(H50),],-
99H,0 (2). Compound 2 was synthesized using the procedure very
similar to that of compound 1, except that the amount of K;HNbO
13H,0 was changed to (0.25 g, 0.18 mmol). Deep purple single
crystals were obtained after 10 days. Yield: 31% based on Nb. Anal.
Calcd for CgHjs;,Cu KNy Nb,sO565: Nb, 37.24; Cu, 8.49; K, 0.65;
C, 642; N, 7.49; H, 4.31. Found: Nb, 37.11; Cu, 8.40; K, 0.53; C,
6.45; N, 7.50; H, 4.41.

[K(H,0),1[Cu(en),(H,0),]s[Cu(en),(H,0)Ig ;5[Culen),],-
[Ky.sNb3,07,H; 751, 115.31H,0 (3). Compound 3 was synthesized with
a combined hydrothermal and evaporation method. The mixture of 8
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mL of Na,CO5/NaHCO; (0., pH = 10) buffer solution, K;HNbO 4"
13H,0 (0.25 g 0.18 mmol), Cu(AC),-H,0 (0.13 g, 0.65 mmol),
Na;AsO,-12H,0 (0.013 g, 0.06 mmol), Sb,0; (0.01 g, 0.03 mmol),
en (0.25 mL), and KClI (0.0S g, 0.67 mmol) was stirred for 3 h, and
the pH of the mixture was necessarily adjusted to 12.5 with KOH (2
M) solution. The mixture was transferred into an 18 mL Teflon-lined
autoclave and heated under autogenous pressure at 140 °C for S days
and then left to cool to room temperature. After that, the resulting
solution was filtered and the filtrate was slowly evaporated at room
temperature. Deep purple single crystals were obtained after 10 days.
Yield: 55% based on Nb. Anal. Caled for CgHgzysCuys,5KNg;-
Nb,sO,s1 - Nb, 36.74; Cu, 7.98; K, 0.64; C, 6.04; N, 7.04; H, 4.41.
Found: Nb, 36.58; Cu, 7.95; K, 0.56; C, 6.06; N, 7.00; H, 4.20.

X-ray Crystallography. The single-crystal diffraction data of
compounds 1-3 were obtained on a Bruker Smart-CCD diffrac-
tometer with a Mo Ka radiation (4 = 0.710 73 A). The data collected
temperatures are 300(2), 211(2), and 200(2) K for compounds 1—3,
respectively. In no data collection was evidence for crystal decay
encountered. The three structures were solved by direct methods and
refined using full-matrix least-squares method on F* using the
SHELXTL-2014/7 program®™' incorporated into the program
package Olex2.>” In final refinements, all non-hydrogen atoms were
refined with anisotropic displacement parameters except about 70
water molecules in compound 3, for there are too many atoms to be
refined anisotropically even using the XH software. The hydrogen
atoms of en ligands were placed in idealized positions and refined as
rigid atoms with the relative isotropic displacement parameters, while
hydrogen atoms of water molecules were not found from a difference
Fourier map and not included in the calculation. In addition, there are
also some hydrogens attached on cluster shells of the three
compounds for balancing the charge of the compounds. Unfortu-
nately, these plausible hydrogens cannot be located in the difference
Fourier maps. We also conduct the BVS calculations for attempting to
locate the exact positions of these hydrogens but not successfully. We
think these hydrogens attached on the cluster shells should be
distributed disorderedly. Therefore, the numbers of the proposed H
atoms of the chemical formula of the three compounds are
determined on the basis of the chemical analyses and the charge
balancing requirements of the formula. Some undissolved A- and/or
B-Alerts have been explained as validation reply forms in the CIF files.
One copper complex in compound 1 is severely disordered, and the
disordered model is depicted in Figure sl. Crystal data are listed in
Table 1. CCDC numbers: 2021807 for compound 1, 2021808 for
compound 2, and 2021809 for compound 3.

B RESULTS AND DISCUSSION

Crystal Structure of Compound 1. Since the three
compounds include almost the same cluster anions, here the
anion of compound 1 is described in detail as an example
(Figure 1). The shape of the cluster is like a “bowl”; it consists
of three {NbgO,,} clusters that serve as the top “bowl” edges
and a cyclic {NbgO5,} fragment serving as the bottom of the
“bowl”. In addition to that, there is a K* located at the center of
the {NbsO;o} fragment (Figure 1). The “bowl” anion has 24
Nb atoms and interesting coordination patterns. There are
three types of oxygens in the {NbsO,,}: terminal oxygens with
Nb—O; distances of 1.76(1)—1.86(1) A, central oxygens with
Nb—O, distances of 2.25(1)—2.47(1) A, and bridging oxygens
with Nb—O, distances of 1.87(1)—2.13(1) A. It is worth
mentioning that due to the participation of the {NbsO;}, the
distances of Nb—O, and Nb—O,, involved in the connections
have been lengthened to a certain extent.

As for the cyclic {NbsO;} fragment, its six {NbOg}
octahedra can be divided into two three-member groups: A-
group and B-group (Figure s2). As we can see, each Nb from
the A- and B-groups are connected alternately by sharing two
oxygens. Each Nb of the A-group coordinates with three

Figure 1. Ellipsoid representation of the bowl-shaped
[KNb,,0,,Hy,5]"*7* anion in compound 1.

bridging O, atoms from its corresponding {NbsO,,} cluster,
two bridging Oy, atoms shared by two {NbO,} octahedra of the
B-group, and a terminal O, atom, while each Nb of the B-group
is connected to two O, atoms shared by two adjacent
{NbsO,o} clusters, two O, atoms shared by two {NbO4}
octahedra of the A-group and two terminal oxygens. There are
only two kinds of oxygens in the {NbgO5,}, which are terminal
oxygens with Nb—O, distances of 1.72(1)—2.52(1) A and
bridging oxygens with Nb—O, distances of 1.93(1)—2.29(1)
A. Due to the longer distance of the K—O, the K is nine-
coordinated with six bridging oxygen atoms and three terminal
oxygen atoms with K—O distances of 2.74(1)—3.14(1) A.
Single-crystal analysis suggests that compound 1 crystallizes
in the P1 space group. The asymmetric unit is composed of a
[KNb,,0,,Hy 55] 13757 4,875 [Cu(en),]?", 2
[Cu(en),(H,0)]*", and 1825 lattice water molecules. The
crystallographically independent copper atoms form two
different types of complexes: [Cu(en),(H,0)]** and
[Cu(en),]*". The copper center of the former exhibits a
distorted square-pyramidal geometry with four nitrogens
coming from two en and one oxygen coming from a water
molecule with Cu—N distances of 1.92(2)—2.14(4) A and
Cu—O distances of 2.17(3)—2.7872(2) A. As for [Cu(en),]*,
the copper showing a square-planar geometry is only bonded
to four nitrogens coming from two en ligands with comparable
Cu—N distances. The [Cu(en),]*" can be further classified
into three subgroups based on contacts of the copper centers
and oxygens from [KNb,,0,,Hy,5]"*7*". The Cu(3), Cu(4),
Cu(S), and Cu(8) coppers belong to the first subgroup, each
copper of them not only shows interactions with four nitrogens
originating from two en ligands but also has strong contacts
with oxygens from [K,Nb,,0,,H,]"*7>7, presenting also a
distorted square-pyramidal geometry. The Cu(6) copper form
the second subgroup, interacting with two oxygens originating
from two neighboring [KysNb,,0,,H;,s]"*7>~ as well as four
nitrogens coming from two en ligands. Therefore, Cu(6) serve
as an inorganic bridge joining two [KosNb,,0,,H; -] to
form a dimer, while Cu(3), Cu(4), Cu(S), and Cu(8)
complexes are only supported by [K,sNb,,05,H, 17" to
form the POM-supported complex (Figure 2). The two
remaining Cu(9) and Cu(10) (Cu(11)) complexes belong to
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Cu(4)

Figure 2. Ellipsoid representation of the dimer of the
[KNb,,0,,Hg,5]"*7" cluster and its supported complexes in
compound 1. a(—x, =1 — y, —z); b(-1 + x, =1 + y, =1 + z);
o(—x, =2 —y, -1 —2).

the third group, which has no contacts with any clusters. The
Cu—0 and Cu—N distances involving [Cu(en),]*" complexes
are all comparable to those of [Cu(en),(H,0)]*" complexes.

Crystal Structure of Compound 2. The cluster structure
of compound 2 is almost coincident with that of compound 1
except for the coordination environment of the K. Here, the
central K" is ten-coordinated by six bridging oxygen atoms,
two terminal oxygen atoms from the cyclic {NbsO;,} fragment,
and two water molecules with K—O distances of 2.76(2)—
3.315(8)A.

As for the transition metal complexes in the asymmetric unit,
there are three different kinds of Cu—en complexes:
[Cu(en),]**, [Cu(en),(H,0)]*, and [Cu(en),(H,0),]*".
The third kind of complex, [Cu(en),(H,0),]**, did not
emerge in compound 1. Cu(4) and Cu(6) of the third kind of
complex, [Cu(en),(H,0),]*, display the octahedral environ-
ment formed by four nitrogens originating from two en ligands
and two oxygens coming from two water molecules. The
second kind of complex includes the majority of the copper
ones, which are Cu(1), Cu(1b), Cu(3), Cu(5), Cu(7), Cu(8),
Cu(9), Cu(10), and Cu(11) complexes in compound 2, each
adopting a square-pyramidal geometry formed by four
nitrogens originating from two en and an oxygen coming
from a water molecule. It is worth noting that Cu(7) and
Cu(10) of the second kind each coordinate with a terminal
oxygen from [KNb,,0,,H,(H,0),]'", as well as four
nitrogens of two en and an oxygen of a water molecule,
indicating that Cu(7) and Cu(10) complexes were supported
by [KNb,,0,,H,(H,0),]"*" (Figure 3). There is one copper
Cu(2) belonging to the first kind of complex, [Cu(en),]*". All

the Cu—N and Cu—O distances involving Cu—en complexes

\\§ LA A e
q)Cu 10a) \\ & /. & /. Egu
.S et

Figure 3. Ellipsoid representation of the [KNb,,0.,H,(H,0),]'*"
cluster and its supported complexes in compound 2. a(2 —x,2 — y, 1

—2).

in compound 2 are comparable to those in compound 1. In
addition to this, there are 49.5 lattice water molecules filling
the space of the asymmetric unit of compound 2.

Crystal Structure of Compound 3. The cluster structure
of compound 3 is almost identical to that of compound 1 with
only a slight differences in bond lengths and angles. In the
asymmetric unit of compound 3, there are two crystallo-
graphically different [K, sNb,,05,H,,5]">7*" clusters. Also, the
transition metal complexes of compound 3 can be classified
into three groups: [Cu(en),]**, [Cu(en),(H,0)]**, and
[Cu(en),(H,0),]**. As in compounds 1 and 2, the group
[Cu(en),(H,0)]** also occupies the majority of the transition
metal complexes in compound 3, including Cu(0a), Cu(3),
Cu(6), Cu(7), Cu(8), Cu(12), Cu(13), Cu(14), and Cu(16)
ones, each copper of which has a square-pyramidal environ-
ment formed by four nitrogens coming from two en and an
oxygen coming from a water molecule. In contrast to
compounds 1 and 2, the number of [Cu(en),(H,0),]**
groups is much larger than those in compound 2. There are
five such crystallographically different copper complexes in the
asymmetric unit of compound 3. They are Cu(4), Cu(S),
Cu(9), Cu(11), and Cu(15) complexes, each copper of which
is bonded to four nitrogen atoms coming from two en ligands
and two oxygens originating from two water molecules. The
[Cu(en),]** group includes only Cu(2), Cu(10), and Cu(17),
each copper of which is chelated by two en ligands. Cu(10) is
somewhat different among the members of the [Cu(en),]*"
group, coordinating with two oxygens from two neighboring
[KsNb,,0,,H, 517>~ besides the four nitrogens from two
en ligands. Therefore, Cu(10) serves as an inorganic bridge
connecting two clusters to form a dimer. In addition, Cu(13)
and Cu(16) of the [Cu(en),(H,0)]** group are also
somewhat different in comparison with the other members
of this group; each of the two is supported by
[KosNb,,0,,H,-]"57*" to form a POM-supported complex
(Figure 4). All the Cu—N and Cu—O distances in compound 3
are very similar to those in compounds 1 and 2.
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oH

Figure 4. Ellipsoid representation of the dimer of
[KosNb,,05,H; 51577 cluster and its supported complexes in
compound 3. a(—1 + x, y, z).

It is noteworthy that there has been a reported PONb
compound with cell parameters very similar to those of
compound 3.” However, the formula of the reported
compound is [Cu(en),];;K,;Na,[KNb,,0,,H,],-120H,0,
which is thoroughly different from that of compound 3:
([K(H,0),][Cu(en),(H,0),]5[Cu(en),(H,0)]s.,5-
[Cu(en),],[KysNb,,05,H; 5¢],-115.31H,0 (3) can be rewrit-
ten as [Cu(en),];525K[KosNbyyO7H;75],137.56H,0  (3)
according to the formula fashion reported previously as
mentioned above. Obviously, compound 3 and the reported
one fell into two distinct compounds.

Syntheses and Discussion. Compounds 1 and 2 were
synthesized with the evaporation method. Compared with the
hydrothermal method, the lower temperature of the evapo-
ration method leads to a slower nucleation speed so that
evaporation synthesis is easy to generate some high-nuclear
compounds.” In contrast, compound 3 was synthesized with
the combination of the hydrothermal and the evaporation
methods, and the combination could better integrate the
advantages of the two methods, thereby synthesizing more
crystals with diversified structures and functions. In the
synthesis of compounds 1-3, Na,SiO;-9H,0, Sb,0; and
Na;AsO,-12H,0 were used as starting materials; unfortu-
nately, all of them are not incorporated into the final
compounds. Even so, they are still necessary for the formation
of our compounds. One or more starting materials that were

not incorporated into the final products were often observed in
the inorganic synthesis process.”*

Characterization. The cluster structures of compounds 1—
3 are almost identical, and all of them have [Cu(en),-
(H,0),,]** (n=1o0r2, m=0,1, or 2) as metal complexes.
Therefore, their FT-IR signatures are very similar to each
other. The FT-IR spectroscopic characteristics of compound 1
as an example are described in detail. The IR spectrum of
compound 1 is depicted in Figure s3. The medium strong peak
at the band of 3138 cm™' is ascribed to the v(H-O)
frequency, the characteristic medium strong band at 898 cm™
is attributed to the v(Nb—O,) frequency, and the strong band
at 785 cm™! and medium strong bands at 655 and 527 cm™!
are due to »(Nb—O,—Nb) frequencies. The bands at 1588—
1045 cm ™" correspond to vibration frequencies of en ligands in
compound 1 (1588(m) and 1045(m) for v(C—N), 1428(m)
for o(C—C)). Both the FT-IR spectra of compounds 2 and 3
are somewhat similar to that of compound 1, having
frequencies at 876(m), 779(m), 648(w), and 537(w) cm™
for 2 and 871(m), 746(s), 654(m), and 522(m) cm™* for 3
ascribed to v(Nb—0O,) and v(Nb—O,—Nb), respectively.

The X-ray powder diffraction patterns of compounds 1—-3
are all consistent with the simulated XRD patterns, confirming
the phase purity of all three compounds (Figure s4). The
differences in reflection intensities are probably due to the
preferential orientations in the powder samples of compounds
1-3.

As a classical organic pollutant, RhB (Rhodamine B)
degradation®>*® under simulated solar light irradiation is
used to assess the photocatalytic properties of materials. For a
long time, many scientists have committed themselves to the
purification of wastewater with POMs.”’ > However, the
photocatalytic performance toward RhB degradation with
[Cu(en),]**—PONBDs as catalysts is seldom explored, although
the copper(Il)—ethylenediamine complex presents a strong
adsorption ability in the visible light region.”* Here, we take
RhB as the organic pollutant of wastewater to investigate the
photocatalytic activities of compounds 1—3 under simulated
solar light irradiations. The photocatalytic performances of
compounds 1—3 have been tested in a typical process; the
ground catalyst powder (S mg) was equally dispersed in the
solution of RhB (100 mL, 1.0 X 107> M). In the dark after
being stirred magnetically for 30 min, the suspension was
finally exposed to irradiation from a 400 W Xe lamp at the
distance of about 4—5 cm between the liquid surface and the
lamp. And the suspension was stirred at a stirring rate of 790—
800 rpm with the irradiation. At 30 min intervals, 4 mL of the
sample was taken out using a syringe, then centrifuged at
10000 rpm for 5 min, and finally analyzed by using UV—vis
spectroscopy (Figure sS). The blank experiment (without
catalyst) shows that only 8.17% of RhB was photodegraded
after 360 min. The plots of C,/C, versus time for RhB solutions
are shown in Figure sS. From the results, we can see that all
three compounds possess photocatalytic properties to degrade
RhB compared with the blank experiment. For compounds 1—
3, compound 1 has the best activity with the degradation of
RhB of 40.28%, while the degradations of RhB over
compounds 2 and 3 are 25.22% and 25.45%, respectively,
under simulated solar light irradiations.

The POM as a powerful catalyst has an excellent
performance for the selective oxidation in organic reac-
tions."”®’ With the deepening of the PONb research,
scientists have reported some PONbs as organic reaction
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Table 2. Selectivities and Conversions of Compounds 1-3 at 80 °C“

catalyst convn/% sel/%(So)
1 blank 334 29.0
2 CuCl, 46.3 45.0
3 CuCl,/en 18.1 25.6
4 compound 1 76.2 68.6
S compound 2 85.0 69.2
6 compound 3 93.4 70.9

sel/%(Brz) sel/%(others) TOF
59.5 11.5
51.9 3.1
52.3 22.1
25.8 5.6 480.8
24.6 6.2 636.2
229 6.2 707.8

“So: styrene oxide. Bza: benzaldehyde. Others: including benzoic acid and phenylacetaldehyde.

catalysts.”"*> Compared with other POMs, there is still a large
space for the catalysis study of PONbs. For a long time, the
oxidation of olefins has been an important process due to the
demand of the epoxides in the chemical industry.”**® Here,
we take compounds 1—3 as the catalysts to test their catalytic
ability for the oxidation of styrene. The experimental
epoxidations of styrene to styrene oxide were conducted in a
batch reactor using aqueous tert-butyl hydroperoxide (TBHP)
as the oxidant and compounds 1—3 as the catalysts. In a typical
run, the catalyst (compound 1 (2 mg, 0.20 ymol), compound
2 (2 mg, 0.17 ymol), and compound 3 (2 mg, 0.16 umol)),
0.114 mL (1 mmol) of styrene as the substrate, and 2 mL of
CH;CN were transferred into a two-neck round-bottom flask
(5 mL) equipped with a magnetic stirrer and a reflux
condenser. The mixture was heated to 60 or 80 °C, and
then 1 mmol of TBHP as the oxidant was added. The addition
of the TBHP was taken as the start of the catalytic reaction.
The evolutions of the catalytic reactions were monitored using
a gas chromatograph (Shimadzu, GC-8A) equipped with a FID
detector and an HP-S capillary column. Reaction products
were identified by GC—MS (Shimadzu GCMS-QP 2010 Plus).
The activity of the reaction system without the catalysts was
determined.

Table 2 and Scheme 1 show the catalytic activities for
styrene epoxidations over different catalysts at 80 °C. As

Scheme 1. Catalytic Activities and Product Distributions

100
mconvn/¥% msel/% (So) wsel/% (Brz) 934

23

blank Cucr2 CuCl2/en Compound 1 Compound 2 Compound 3

expected, the three catalysts are all active for the styrene
epoxidations using TBHP. Compound 1 shows the catalytic
performance with 76.2% conversion and the styrene oxide
selectivity of 68.6% after 8 h (Table 2, entry 4). Compound 2
shows the catalytic activity with 85.0% conversion and the
styrene oxide selectivity of 69.2% (Table 2, entry S). The
styrene conversion and the styrene oxide selectivity of

compound 3 are 93.4% and 70.9% (Table 2, entry 6). From
these data, we can see that for this PONb catalytic system,
compound 3 as the catalyst has the best catalytic performance
no matter the conversion or selectivity. By contrast, compound
1 has the lowest activity compared with the other two. From
the catalytic performances and the molecular formula of
compounds 1—3, we speculate that maybe the number of the
copper complexes [Cu(en),(H,0),,]** (n=10r2,m=0, 1, or
2) plays a key role for the catalytic properties of the three.
Compounds 2 and 3 include more copper complexes per
formula, and the two exhibit superior performances than
compound 1. However, whether using the CuCl, or CuCl,/en
as catalyst (Table 2, entries 2 and 3), we do not have good
catalytic activity, and the conversion even becomes lower than
the blank when we use CuCl,/en as the catalyst (Table 2, entry
3). The higher selectivity to the others than to the styrene
oxide and benzaldehyde may indicate that the en ligand may
trigger another reaction; thus the aim reaction has been
restrained (Table 2, entry 3).

To further understand the catalytic properties of these
compounds, compound 1, which is easier to resynthesize, as an
example, has been tested in the same catalytic system but at
different temperatures and using different catalyst dosages, and
the result is shown in Table 3. It can be observed that the
reaction temperature is an important factor affecting this
catalytic system, the conversion is much higher at 80 °C than
at 60 °C. The interesting thing is that the different temperature
makes a different selectivity (Table 3, entries 3 and 5), the
higher temperature improves the production of the styrene
oxide in this catalytic system. While at the lower temperature,
the main product is benzaldehyde. Otherwise, the selectivity to
others except the styrene oxide and the benzaldehyde is
reduced at the lower temperature. As for the influence of the
catalyst dosage, we can see that from 2 to 5 mg the conversion
increased from 51.4% to 66.1% at 60 °C (Table 3, entries 3
and 4). But the results using 2 mg and 10 mg at 80 °C are
quite different; the conversion did not become higher with the
increase of the catalyst dosage but decreased from 76.2% to
60.4% (Table 3, entries S and 6). The consequence shows that
increasing a suitable catalyst dosage may improve the
conversion but too much catalyst will have the opposite effect.
The reason may be that the catalyst may react with the oxidant
and thus consume some of the oxidants.*””°

The heterogeneity or homogeneity of the catalyst of
compound 1 was tested by a hot filtration experiment (Figure
5). Four hours later, the solution was filtered three times
through the filtering membrane. The data showed that the
reaction did not stop even without the catalyst in the catalytic
system, meaning that although compound 1 is not completely
dissolved in the solution, some of it still dissolved and can
continue the catalytic process. The catalytic reaction is
considered to be homogeneous in nature when AFilt/Acat
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Table 3. Selectivity and Conversion of Compounds 1 with Different Temperatures and Dosages”

dosage/mg T/°C convn/%
1 blank-1 80 334
2 blank-2 60 14
3 2 60 514
4 S 60 66.1
S 2 80 76.2
6 10 80 60.4

sel/%(So) sel/%(Brz) sel/%(others) TOF
29.0 59.5 11.5
30.9 69.1 0.0
14.5 83.0 2.5 324.5
18.8 79.2 2.1 167.2
68.6 25.8 5.6 480.8
60.6 31.5 8.0 76.4

“So: styrene oxide. Bza: benzaldehydel. Others: including benzoic acid and phenylacetaldehyde.
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Figure S. Result of the hot filtration test of compound 1.

2 1, where AFilt is the increment in olefin conversion in the
time interval 4—8 h for the reaction carried out using the
filtered solution and Acat is the increment in olefin conversion
during the same time interval for the reaction carried out in the
presence of compound 1.”" Here, our AFilt/Acat equals about
0.84; such a result suggests that compound 1 is a
homogeneous catalyst for the epoxidation of styrene with
TBHP.”'~” The catalyst is not completely dissolved in the
catalytic system; the reusability and regeneration of the
undissolved compound 1 are also investigated (shown in
Scheme 2).”'~7° Under the identical catalytic system with all
the catalytic parameters fixed, we did the experiment three
times with 10 mg of compound 1, which, at the end of each
cycle, was filtered-off and collected and washed with CH;CN

Scheme 2. Recycling Experiments of Compound 1
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and then dried in air; the recovered catalyst was reused again
directly. Each cycle experiment reveals that conversions are
almost identical, but in the third cycle, the selectivity for
styrene oxide decreased a little. After the last cycle experiment,
we did the FT-IR and the PXRD analyses to compare whether
the catalyst structure has changed or not. From Figure s6, we
can see that due to the partial dissolution of compound 1, after
three reaction cycles, the positions and intensities of both the
FT-IR spectra and the PXRD patterns have somewhat changed
but the main peak positions are just the same. Combined with
the above views, it is indicated that compound 1 shows a good
reusability for this catalytic system.

The energy problem has always been the hot spot of the
scientific community, and the most imgortant field is the
renewable energy generation and storage.”"~”® Electrochemical
splitting of water can yield high-purity hydrogen, which is the
cleanest fuel up to now. However, as for the process of
electrolysis of water, the oxygen evolution reaction (OER) is a
crucial and more difficult half-reaction. A lot of metallic oxides
such as iridium oxide and ruthenium oxide have been studied
as catalysts for a long time, and these studies have made great
progress.””~*" While for these precious metal materials the
higher cost is a serious problem, the cheaper materials for OER
have become a key goint and several different POMs®*~*° and
a Cu—en complex™ as the electrochemical catalyst have also
been tested. PONDbs are a kind of excellent POM material, and
there are also some reports about their electrochemical
properties.””®”*® However, the activity of the PONbs
combined with Cu—en complexes for OER has not been
studied yet. In this work, we take compounds 1-3 as the
catalysts of OER, and all three catalysts exhibit good OER
performances.*’

The OER performances of compounds 1—3 were evaluated
in a traditional three-electrode system (modified carbon paste
(CP) electrode, Pt wire, and Ag/AgCl (3 M KCI) electrode as
the working, the counter and the reference electrodes,
respectively) in 1 M KOH solution without iR-compensation.
The result of linear sweep voltammetry (LSV) curves at the
scan rate of 1 mV/s is depicted in Figure 6a. We take the two
values (1 and 10 mA/cm?) of the current densities as the
standards to evaluate the electrochemical water oxidation
performances of the three compounds. From Scheme 3, we can
see that at the 1 and 10 mA/cm? current densities the three
compounds show different OER activities. And whether at 1 or
10 mA/cm?, compound 3 exhibits the best water oxidation
performances with the lowest overpotentials of 160 and 423
mV, respectively. As for the other two compounds, their
required overpotentials are 187 and 516 mV for compound 1
and 173 and 436 mV for compound 2, respectively. The Tafel
plots in Figure 6d were drawn using the LSV data; compared
with compounds 1 and 3, compound 2 has a lower slope,
which is 187 mV-dec™". So, despite compound 3 exhibiting the
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lowest overpotential, compound 2 exceeded compound 3 in
the current density at the end of the reaction due to the smaller
Tafel slope. And the almost same slope may mean that
compound 1 (220 mV-dec™') and compound 3 (223 mV-
dec™) have a more similar catalytic mechanism. In addition,
combined with the LSV and Tafel figures, CuCl, has an
electrochemical performance more similar to those of the
compounds 1—3 compared with {NbsO,}. That implies
perhaps the Cu is the catalytic active site for the three catalysts.
And it is not surprising that CuCl, as the catalyst has a better
result because it is unfair to compare CuCl, with our samples
by weight (Figure 6a). The normalized current density data
will show a fairer result, and the superiority of our catalysts is
more obvious. As for the data we normalized by the compound
formula weight, compounds 2 and 3 have similar best
performances (Figure 6b), but if we take the Cu as the
catalytic center and normalized by Cu, compound 3 will be the
best one (Figure 6¢). Besides, the electrochemical impedance
spectroscopy (EIS) test is also strong evidence for the
performances of the OERs. As we can see, compound 2 has
a lower resistance, indicating a good conductivity that is

conducive to electron transfer (Figure s7). And the result is
coincident with the Tafel slope. To evaluate the stability of the
catalyst, we take the 10 h chronopotentiometric test of
compound 1 at the overpotential of 270 mV (Figure s7).
Unfortunately, the electrochemical stability of compound 1 is
poor. At the end of the experiment when we treated the
working electrode again in the 1 M KOH electrolyte, there is a
phenomenon that the electrode can permeate into the solution.
So, we speculate that the CP electrode, which is mechanically
unstable and tends to expel some CPs from the electrode
pocket into the solution (such a phenomenon was also
observed by Galan-Mascaros et al.**), cannot have a good
stability under this condition in such a long-time test and
cannot avoid its fragmentation, perhaps due to the relatively
easy oxidation of the en ligand of the compounds. We hope we
can improve the stability of the CP electrode by replacing the
en ligand with the phenanthroline ligand (and its analogues) in
the future.*’

However, the significant experimental difference between
CuCl, and the Cu-PONb/CP electrodes was observed in the
LSV data: the appearance of several additional precatalytic
events in the CuCl, electrode (Figure 6a), which is absent for
the Cu-POND catalysts. Therefore, we speculate that the OER
properties of the compounds originate from the synergistic
interaction between the copper center of the coordinated
copper complexes and the PONbs.*

B CONCLUSIONS

Three new compounds based on PONbs and copper
coordination complexes have been synthesized and charac-
terized. All three compounds not only can be used as catalysts
for photocatalytic degradation of RhB under the simulated
solar light irradiation but also can be used as oxidation catalysts
in styrene oxidation and OER catalysts for water electrolysis. In
following work, except the organic amine, we hope we can
synthesize some new PONb compounds based on some more
stable organic ligands like phenanthroline and so on and finally
obtain some more stable catalysts of PONbs.
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